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1.  Introduction 


The  three-dimensional  (3-D)  orthogonal  weave  and  other  3-D  textile  reinforcements  are  often 
used  in  thick  composite  parts  to  increase  delamination  resistance  and  through-thickness 
properties.  The  3-D  orthogonal  weave  incorporates  fiber  tows  directly  in  the  through-thickness 
direction.  This  is  of  critical  importance  to  delamination  resistance,  an  otherwise  common  weak 
point  of  thick  composite  structures.  Such  fiber  architectures  offer  potential  structural 
improvements  for  applications  involving  impact,  multidimensional  loading,  or  thick  sections 
with  relatively  large  through- thickness  or  interlaminar  shear  stresses.  Thus  they  are  currently 
targeted  for  evaluation  as  candidate  materials  for  the  insulator  section  of  an  electromagnetic 
railgun  barrel.  When  describing  the  properties  directly  related  to  delamination  resistance,  it  is 
useful  to  obtain  through-thickness  stiffness  and  strength  properties.  This  knowledge  also  feeds 
directly  into  material  models  yielding  improved  capabilities  for  strength  prediction  of  the  unique 
through- thickness  failure  modes. 

Given  the  microstructural  complexity,  3-D  woven  composites  exhibit  multiple  potential  failure 
mechanisms  (1 ),  which  depend  upon  the  loading  conditions  and  particulars  of  the  layup  and 
constituent  materials.  The  3-D  weaves  consistently  show  improved  damage  resistance  over  their 
two-dimensional  counterparts,  owing  to  the  energy-absorbing  capacity  enhanced  by  the 
z-direction  fiber  tows  (2,  3).  The  3-D  weaves  also  show  more  capacity  to  absorb  multiple  strikes 
before  perforation  and  show  less  damage  localization  (4).  In  addition  to  improved  impact 
performance,  the  effects  of  z-stitching  upon  shear  properties  have  been  shown  experimentally, 
with  increased  delamination  resistance  and  significantly  increased  compression-after-impact 
capacity  (5,  6). 

Finite-element  method  (FEM)-based  micromechanical  methods  for  strength  modeling  of  textile 
composites  have  been  explored  in  previous  works  by  Karkkainen  and  coworkers  (7-9). 

Improved  micromechanical  techniques  were  applied  to  develop  failure  envelopes  and  a  quadratic 
stress  gradient  failure  theory  for  a  plain-weave  textile  composite.  Applying  these  methods  to 
successful  failure  prediction  for  3-D  orthogonal  composites  has  been  recently  accomplished,  yet 
key  experimentally  determined  information  about  through-thickness  properties  and  failure  modes 
is  needed  for  further  model  development  and  verification. 

Excellent  treatment  of  direct  measurement  of  through-thickness  properties  of  laminated 
composites  has  been  given  in  Schubel  et  al.  (10).  Through-thickness  off-axis  failure  envelopes 
are  developed  and  compared  with  several  failure  theories  and  a  proposed  new  approach  to 
predicting  this  failure  regime.  Existing  techniques  for  measuring  through-thickness  properties 
(11,  12)  are  generally  not  developed  for  directly  measuring  properties  for  textile  architectures 
with  through-thickness  reinforcement.  Several  relatively  new,  specialized  specimens  have  been 


1 


developed  to  address  through-thickness  testing  of  polymer  matrix  composites  (13-15)  but  again 
are  not  developed  for  those  including  translaminar  or  through-thickness  reinforcement. 

The  current  work  involves  developing  a  specimen  designed  to  allow  direct  measurement  of 
through-thickness  properties  of  a  3-D  orthogonal  composite.  Though  there  are  several 
difficulties  in  obtaining  a  direct  measurement  of  through-thickness  stiffness  and  strength,  doing 
so  can  provide  the  valuable  advantage  of  assuring  a  true  property,  as  well  as  exhibiting  the  true 
failure  mode  for  through-thickness  loading.  Difficulties  in  direct  measurements  for  the  3-D 
orthogonal  architecture,  which  incorporates  through-thickness  reinforcement,  arise  for  several 
reasons.  First,  a  standard  test  specimen  (such  as  ASTM  E-8  or  D-638  or  ISO  527-5)  cannot  be 
used  for  this  weave  architecture  for  a  specimen  aligned  in  the  through-thickness  direction.  This 
is  due  to  the  fact  that  such  a  geometry  requires  a  long  specimen  to  meet  the  needed  aspect  ratio. 
However,  the  total  possible  thickness  for  such  an  architecture  is  quite  limited  by  restrictions  on 
the  possible  thickness  of  the  prefonn.  Further,  multiple-stacked  prefonns  are  not  suitable,  as  this 
would  introduce  nonrepresentative  discontinuities  between  preforms  and  issues  with  regards  to 
the  quality  and  uniformity  of  resin  infusion  toward  the  center  of  the  part.  Additionally,  a 
through-thickness  specimen  must  capture  many  through-thickness  tows  in  order  to  be 
representative  of  the  continuum  properties  of  the  material.  Due  to  the  spacing  of  these  through¬ 
thickness  tows,  severe  limitations  are  placed  on  the  minimum  thickness.  Given  all  of  these 
complicating  factors,  a  specimen  of  fairly  low  (“squat”)  aspect  ratio  is  required.  This  in  turn 
gives  rise  to  certain  problems.  Some  amount  of  taper  will  be  required  in  order  for  the  bond 
strength  or  attachment  strength  to  be  greater  than  the  actual  through-thickness  strength  of  the 
specimen.  Any  taper  to  the  specimen  then  complicates  the  stress  profile,  which  should  be 
uniform  in  the  ideal  specimen.  All  of  these  considerations  must  be  balanced  when  designing  a 
proper  through-thickness  test  specimen.  No  current  standardized  specimen  exists  that  is 
adequate  to  this  criterion.  Several  specimen  geometries  have  been  evaluated  using  FEM 
analysis.  Promising  candidates  were  then  experimentally  tested  to  evaluate  their  potential. 


2.  Finite-Element  Modeling  for  Specimen  Evaluation 


Figure  1  shows  a  representative  volume  element  of  the  3-D  orthogonal  weave  under 
investigation.  The  constituent  materials  are  S2  glass  fibers  strung  in  bundles  or  tows  in  a  5250-4 
bismaleimide  (BMI)  resin  matrix.  In  figure  1 ,  “warp”  tows  represent  fiber  bundles  that  are 
aligned  in  the  x-axis  direction.  “Weft”  tows  are  those  aligned  in  the  direction  of  the  y- axis,  and 
“stitches”  are  aligned  in  the  z-axis  or  through-thickness  direction. 

In-plane  stiffness  properties  shown  in  table  1  are  known  from  previous  experimental  testing, 
while  through-thickness  stiffness  is  predicted  from  micromechanical  modeling.  Given  the 
complexities  of  the  3-D  orthogonal  architecture,  through-thickness  strength  prediction  is  difficult 
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Figure  1.  Representative  volume  element  of  the  3-D  orthogonal  weave 
under  investigation. 

Table  1.  The  3-D  orthogonal  weave  stiffness  properties  used  in 
modeling  (Pa). 


Property 

Description 

Value 

Ex 

x-axis  stiffness  (experimental) 

2.25  elO 

Ey 

y-axis  stiffness  (experimental) 

2.26  elO 

Ez 

z-axis  stiffness  (predicted) 

9.28  e9 

to  achieve  without  some  experimental  preknowledge  of  the  failure  modes.  Properties  are 
homogenized  in  that  individual  stitches,  fiber  tows,  etc.,  are  not  discretely  modeled. 

Several  specimen  types  are  chosen  as  starting  points  for  design  iterations.  For  simplicity,  a 
simple  tapered  cylinder  specimen  is  one  of  the  chosen  geometries.  Two  other  candidates  are 
based  upon  adaptations  of  the  Royal  Armament  Research  and  Development  Establishment 
(RARDE)  specimen  and  the  circular-waisted  block  (CWB)  (12-15).  These  base  geometries, 
which  have  been  iterated  upon,  are  shown  in  figure  2a-c.  Note  that  in  actuality,  each  specimen 
has  some  “shoulder”  material  not  shown  in  the  schematics.  Modeling  was  performed  with  the 
following  objectives:  (1)  ensure  an  adequately  uniform  stress  distribution  at  the  gage  section  to 
yield  accurate  results,  (2)  ensure  avoidance  of  excessive  stress  concentration  factor  due  to  edges, 
comers,  or  tapers,  and  (3)  provide  an  estimation  of  the  specimen  gage-section  failure  strength 
(which  must  be  lower  in  comparison  to  the  specimen  shoulder  strength,  or  the  strength  of  any 
bonding  or  fixturing  between  the  specimen  and  test  apparatus).  Specimens  are  modeled  using 
the  Abaqus  finite-element  analysis  package.  Approximately  35,000  tetrahedral  elements  are 
employed  per  specimen  in  a  static-general  analysis.  A  small  z-direction  extension  is  applied  to 
the  top  boundary  of  each  specimen  while  the  bottom  boundary  is  fixed.  Results  are  then 
evaluated  as  per  the  three  aforementioned  objectives,  and  where  necessary,  the  specimen 
geometry  is  altered  and  reevaluated. 
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Figure  2.  Schematics  of  the  test  specimen  types:  (a)  tapered  cylinder,  (b)  RARDE,  and  (c)  circular-waisted 
block. 


3.  Modeling  Results  and  Selection  of  Experimental  Specimens 


The  height  of  each  specimen  is  maintained  as  the  maximum  allowable  due  to  the  previously 
mentioned  manufacturing  considerations.  A  minimum  width  (which  varies  depending  on  the 
specimen  shape)  is  determined  by  the  need  to  capture  a  minimum  number  of  stitches,  which  are 
spaced  at  1.5  stitches/cm.  This  ensures  that  a  continuum  property  is  obtained,  as  opposed  to 
properties  that  will  be  overstiff  (or  overcompliant)  if  observed  in  small  regions  close  to  a  fiber 
stitch  (or  matrix  pocket).  Although  this  is  not  an  issue  with  the  material-homogenized  model, 
the  specimen  design  must  account  for  this  potential  experimental  issue.  Table  2  presents  a 
summary  of  the  results  for  the  initial  and  final  iterations  for  each  specimen  type.  This  illustrates 
the  status  quo  for  each  specimen  and  the  best  performance  that  could  be  redesigned  and  extracted 
from  each.  Stress  concentration  is  reported  as  a  ratio  of  the  maximum  to  minimum  stresses 
occurring  nominally  within  the  gage  area.  Table  3  presents  a  summary  of  the  geometry  of  the 
initial  and  final  specimen  geometries.  As  seen  in  figure  3,  thickness  represents  the  height  of  each 
specimen,  which  is  fixed  at  the  manufacturing  limit.  Width  shows  the  dimension  of  the  top  and 
bottom  of  the  specimen.  Neck  represents  the  minimum  dimensions  of  the  tapered-down  gage 
area.  Taper  radius  is  the  radius  of  curvature  of  the  taper  applied  to  each  specimen. 


Table  2.  Summary  of  modeling  results  for  specimen  design  and  selection. 


Geometry 

Tapered 

Cylinder 

RARDE 

CWB 

Stress  concentration 
(initial) 

1.0 

1.23 

1.16 

Stress  concentration 
(final) 

1.0 

1.17 

1.09 

4 


Table  3.  Summary  of  specimen  geometry  iterations. 


Geometry 

Thickness 

Width 

Neck 

Taper  Radius 

(mm) 

(mm) 

(mm) 

(mm) 

Tapered  cylinder 
(initial) 

20 

35  (diameter) 

30  (diameter) 

6 

Tapered  cylinder 
(final) 

20 

35 

30 

6 

RARDE 

(initial) 

20 

30  x  30 

25  x  20 

5 

RARDE 

(final) 

20 

30  x  30 

25  x  25 

6 

CWB 

(initial) 

20 

30  x  30 

20  x  20 

13 

CWB 

(final) 

20 

30  x  30 

25  x  25 

21 

Figure  3.  Schematic  to  illustrate  iteration  of  specimen  dimensions  (actual  appearance 
varies  by  specimen  type). 


Based  upon  the  modeling  results  in  table  2,  the  final  geometry  of  the  tapered  cylinder  and  CWB 
specimens  were  selected  for  fabrication  and  testing.  As  per  table  2,  the  RARDE-based  specimen 
was  deemed  to  have  an  unsuitable  level  of  stress  concentration  and  nonuniformity. 


4.  Experimental  Methods 


Tensile  tests  have  been  performed  to  evaluate  the  performance  of  the  specimens  selected  after 
completion  of  modeling.  At  present,  live  repeats  of  each  of  the  two  final  specimen  types 
(figure  4a  and  b)  have  been  performed  to  provide  some  measure  of  repeatability.  Tests  are 
performed  on  a  hydraulic  MTS*  machine  with  a  crosshead-mounted  load  cell.  Full-field  strain 
measurements  are  obtained  via  the  digital  image  correlation  (DIC)  optical  measurement 


MTS  is  a  registered  trademark  of  MTS  Systems  Corporation,  Eden  Prarie,  USA. 
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Figure  4.  Specimens  and  dimensions  chosen  for  testing:  (a)  tapered  cylinder  and  (b)  CWB. 

technique.  In  this  technique,  a  random  speckle  pattern  is  applied  to  the  gauge  section  of  the 
specimen.  A  pair  of  digital  cameras  then  records  a  series  of  stereo  images  to  track  changes  in  the 
speckle  pattern  during  testing.  The  images  are  post-processed  with  image  correlation  software 
(16),  which  tracks  the  relative  displacement  of  all  speckles  within  the  pattern  and  computes  3-D 
surface  strains  from  these  displacements. 

For  comparison,  strain  gages  were  also  applied  but  proved  to  be  ineffective  in  maintaining 
adherence  to  the  specimen  for  any  appreciable  strain  level,  especially  for  the  large  gage-section 
curvature  of  the  CWB  specimen.  Using  strain  gages  was  also  considered  less  desirable  in  that 
the  strain  response  across  the  specimen  is  quite  nonuniform.  This  strain  field  is  measured 
completely  by  the  full-field  DIC  measurements,  whereas  strain  gages  are  limited  to  averaging 
across  a  given  gage  area.  The  DIC  system  also  provides  full  motion  video  with  superimposition 
of  the  real-time  strain  field.  The  magnified  video  images  from  the  camera  system  also  provide 
for  excellent  visualization  and  characterization  of  failure  modes. 

As  a  method  of  mounting  each  specimen  to  a  test  fixture,  adhesive  bonding  of  some  trial 
specimens  proved  to  be  ineffective.  The  bond  strength  cannot  be  designed  to  be  high  enough 
with  respect  to  the  gage-section  strength,  given  the  minimum  thickness  needed  to  capture  an 
adequate  number  of  stitches  across  the  cross  section.  An  aluminum  clamping  fixture  was 
designed  to  fit  around  the  top  and  bottom  shoulder  of  each  specimen. 
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5.  Experimental  Results 


Table  4  summarizes  the  results  of  uniaxial  tension  testing  for  the  two  specimen  types  of  figure  4. 
A  third  column  displays  an  adjusted  value  for  the  CWB  test  results,  which  are  calibrated  to 
account  for  the  known  stress  concentration  as  detennined  from  the  modeling  results  (table  2). 


Table  4.  Average  strength  and  stiffness  properties  from  experimental  testing  of  through-thickness 
specimens. 


Geometry 

Tapered 

Cylinder 

CWB 

CWB  (Adjusted) 

Experimental  stiffness  (GPa) 

8.76 

11.3 

10.3 

Standard  deviation  (%) 

11.8 

4.89 

4.95 

Difference  from  model 
stiffness  prediction  (%) 

-5.19 

21.9 

11.3 

Experimental  strength  (MPa) 

20.9 

27.9 

25.4 

Standard  deviation  (%) 

22.8 

17.6 

17.6 

This  accounts  for  the  fact  that  gage-section  stresses  will  be  higher  than  what  is  calculated  from 
the  applied  load  and  cross-sectional  area.  Both  the  directly  measured  values  and  adjusted  values 
are  reported  in  table  4.  Table  4  shows  no  comparison  to  modeling  strength  predictions,  as  the 
experiments  are  intended  to  establish  the  modeling  capability  for  prediction  of  this  failure  mode. 

The  standard  deviation  on  strength  properties  may  seem  quite  high  with  reported  values  of 
22.8%  and  17.6%,  but  it  should  be  noted  that  previous  testing  of  in-plane  properties  consistently 
showed  standard  deviations  on  the  order  of  15%  using  well-known,  consistent,  standard 
techniques  and  specimens.  A  certain  amount  of  inconsistency  is  inherent  to  the  3-D  orthogonal 
architecture,  given  its  nonhomogeneity,  and  microstructural  complexity,  which  is  given  to 
manufacturing  variability. 

The  tapered  cylinder  specimens  had  considerable  issues  with  shoulder  slippage  through  the 
clamping  mechanism.  This  led  directly  to  a  lower  measurement  of  peak  load  as  the  shoulder 
would  begin  to  fail  and  decrease  the  specimen  load  capacity.  This  was  seen  only  minimally  in 
the  CWB  specimens,  which  exhibited  more  consistent  results  and  a  more  reliable  failure  through 
the  gage  area. 

The  observed  failure  mode  in  all  cases  was  initially  pullout  of  the  stitches,  which  separate  from 
the  bulk  matrix  after  interfacial  failure.  This  is  followed  by  further  interfacial  failure  as  the  warp 
and  weft  tows  begin  to  separate.  There  is  no  fiber  breakage  or  intertow  matrix  cracking,  which 
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are  the  typical  failure  modes  for  in-plane  loading  of  the  3-D  orthogonal  architecture.  As  a 
consequence  of  the  interfacial  failure  modes,  the  failure  stress  under  uniaxial  normal  loading  is 
relatively  low  (i.e.,  interfacial  strength  is  relatively  low  compared  to  fiber  strength).  Failure  was 
generally  linear  up  to  the  peak  load,  with  minor  stiffness  losses  as  stitches  begin  to  debond.  Past 
the  peak  load,  fiber  tows  have  begun  to  separate  and  peel  off,  and  the  specimen  will  continue  to 
displace  at  a  continually  lower  load.  Thus  the  material  is  largely  beyond  its  useful  life,  although 
this  mechanical  behavior  does  represent  some  continued  energy  absorption.  Figure  5  presents  an 
image  captured  from  the  DIC  system  with  some  salient  features  labeled.  The  nonuniformity  of 
the  strain  field  is  readily  apparent.  The  four  stitches  captured  in  this  image  are  clearly  shown  to 
have  pulled  out  of  the  surrounding  material.  Further,  a  zone  of  tow  interface  failure  is  seen, 
which  causes  a  high  strain  region  along  the  crack  length. 
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Figure  5.  Direct  video  feed  and  strain  field  overlay  from  DIC  system  (width  of  view 
is  — 14  mm;  DIC  strain  contours  will  not  be  visible  in  black  and  white). 


6.  Conclusions 


Tensile  test  specimens  have  been  designed  to  provide  direct  measurement  of  through-thickness 
properties  of  a  3-D  orthogonal-woven  glass-epoxy  composite,  within  the  constraints  of 
manufacturing  feasibility  and  representation  of  the  complex  fiber  microarchitecture.  FEM 
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modeling  has  been  performed  to  evaluate  multiple  candidate  specimens  and  determine  their 
optimum  geometry.  Based  on  these  results,  two  selected  specimen  types  were  fabricated  and 
investigated  experimentally.  The  observed  failure  mode  was  initially  interfacial  failure  and 
pullout  of  the  fiber  stitches,  followed  by  further  interfacial  failure  as  the  warp  and  weft  tows 
begin  to  separate.  The  specimens  have  shown  good  agreement  with  stiffness  predictions  as  well 
as  promising,  consistent  results  for  strength  detennination.  Knowledge  of  these  through¬ 
thickness  properties  provides  direct  improvement  to  material  modeling  capabilities  and 
component  design.  Determining  and  characterizing  the  stitch-pullout  and  tow-separation  failure 
modes  under  through-thickness  loading  allow  for  consideration  of  these  failure  modes  and 
strength  limits.  Results  show  promising  material  capabilities,  which  can  now  be  more  easily 
understood  and  included  in  future  designs  and  applications,  including  those  requiring  increased 
delamination  resistance  such  as  an  insulator  material  for  the  electromagnetic  railgun,  or  for  thick 
composite  parts  or  similar  applications. 
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